Introduction
Genetic analysis is playing an increasingly important role in clinical diagnostics, such as in the identification of pathogenic microorganisms, in the detection of viruses (e.g., human immunodeficiency virus, etc.), and in the analysis of singlenucleotide polymorphisms (SNPs). SNPs are the most abundant type of genome variation [1] [2] [3] and are defined as variations of one nucleotide between the DNA sequence of individuals. Therefore, SNPs provide human genetics data that are critical for determining identity, developing drugs and diagnosing cancer and genetic disease. It is known that some SNPs are located in the coding regions of genes, causing expressions of abnormal protein in terms of quality and quantity. Detection of disease-associated mutations is necessary for clinical purposes.
Capillary electrophoresis (CE) is currently used in DNA analysis and gene mutation assay because it offers practical advantages over slab gel electrophoresis, including greater speed and resolution as well as the possibility of using a smaller amount of samples. 4, 5 Almost all CE systems are based on capillary gel electrophoresis (CGE), in which DNA fragments are separated using sieving matrices, such as cellulose derivatives and polyacrylamide (polyAAm). Although various effective methods such as restriction fragment length polymorphism (RFLP) assay 6 and single-strand conformation polymorphism (SSCP) assay 7 have been developed, there remains a growing demand for a general-purpose method of detecting single-base mutation of DNAs with the same chain length using a conventional CGE system. The recently developed microchip electrophoresis 8, 9 is expected to replace CE systems in clinical analysis and high-throughput drug screening because of its short analysis time and low reagent consumption. Microchip electrophoresis systems are able to analyze DNA fragments using polymer gel as sieving matrix, [10] [11] [12] as was also done with conventional CE systems. In the present work, we present a CE methodology which is available for the separation of single-base mutations on a microchip.
In this method, a methacryloyl-modified oligodeoxynucleotide (ODN), which is complementary to the target DNA, and AAm monomer were copolymerized to give an affinity ligand; the method is thus known as affinity capillary electrophoresis (ACE). ACE is defined as a type of CE which takes advantage of molecular recognition, notably specific bioaffinity interactions such as the antigen-antibody, 13 DNAprotein, 14, 15 and DNA-DNA interactions. 16, 17 We previously reported novel ACE methods using ODN-polyAAm conjugate as a system for base recognition with wide applicability. In the previous method, the capillary was filled with the conjugate which served as a pseudo-immobilized affinity ligand (pseudoimmobilized ACE method), 18, 19 while in the present study, the conjugate was fixed onto the inner surface of the capillary (ODN-immobilized ACE method). 20, 21 We here report on a detailed study of the ODN-immobilized ACE method. Using this method, complete separation of ODNs with a single-base difference was successfully achieved. Additionally, we found that the separation behavior depended greatly on the chain length of the affinity ligand ODN in experiments conducted with the ODN-immobilized ACE method. 
Materials and Methods

Oligodeoxynucleotides
Chemically synthesized ODNs (high-performance liquid chromatography-purified grade) were purchased from ESPEC Oligo Service Corporation (Ibaraki, Japan). They were dissolved in deionized water and the concentration of ODN was calculated using a molar extinction coefficient of 260 nm, which was determined using the nearest-neighbor model: 22 57900 M -1 cm -1 for anti-c-K-ras (codon 11 -12; Ligand-12) sequence and its 5′-O-aminohexyl derivative; 104600 M -1 cm -1 for anti-c-Kras (codon 10 -13; Ligand-6) sequence and its 5′-Oaminohexylderivative; 114200 M -1 cm -1 for normal c-K-ras (Normal); and 118100 M -1 cm -1 for mutant c-K-ras sequences (Mutant).
Immobilization of an affinity ligand oligodeoxynucleotide
5′-O-Aminohexyloligodeoxynucleotide was dissolved in 100 mM sodium carbonate-sodium bicarbonate buffer (pH 9.0) at a final concentration of 1.3 mM. The solution (100 µl) was then mixed with DMSO solution (675 µl) containing methacryloyloxysuccinimide (9.6 mM) and was stirred at room temperature for 2 h. The obtained methacryloyl derivative of the ODN (methacryloyl-ODN) was purified by reverse-phase HPLC (Lichrospher 100RP-18(e), Cica-Merk, Tokyo, Japan) using 5 mM triethylamine-acetic acid buffer (pH 7.5)-acetonitrile (0 → 30 min, 10 → 30%) as eluent. The methacryloyl-ODN was immobilized on the inner surface of the capillary through copolymerization with acrylamide following the conventional method of polyacrylamide coating. 23 First, 3-(methacryloyloxy)propyltrimethoxysilane (MPTS) was sucked up into the fused silica capillary (75 µm in inner diameter, GL Sciences Co., Tokyo, Japan) to modify the inner surface with polymerizable groups. Second, the MPTS-coated capillary was filled with a mixture of acrylamide (450 mM), methacryloyl-ODN (0.13 mM in the case of 12-mer ODN, and 0.13 -1.3 mM in the case of 6-mer ODN), ammonium peroxodisulfate (APS, 2.9 mM) and N,N,N′,N′-tetramethylethylenediamine (TEMED, 5.7 mM). After incubation at room temperature for 1 h, the inner solution was replaced with water. The capillary was then rinsed with water to remove unreacted monomers and polymers that were not immobilized. For the comparison with the ODN-immobilized capillary, a conventional polyAAm-coated capillary was prepared in a similar way.
Affinity capillary electrophoresis of ODN using an anti-c-K-ras sequence-immobilized capillary
CE was carried out using a CAPI-3000 (Otsuka Electronics Co., Ltd., Osaka, Japan) capillary electrophoresis system. The temperature of the capillary was kept constant with air agitation. Electrophoresis of sample ODNs was performed using a polyAAm-coated capillary or ODN-immobilized capillary in the presence or absence of MgCl2 in 5 mM Tris-borate buffer (pH 7.4). The sample solution containing 4.0 µM ODN was introduced into the capillary at the cathodic side by positive pressure (0.1 kgf/cm 2 s) and was charged with -15 kV (electric field strength, 300 V/cm) constant voltage. After measurement, the capillary was washed with water and then recharged with the running buffer solution for the next run.
Measurement of melting temperature
The melting curve of the duplex between sample ODN and affinity ligand ODN was obtained by measuring the change of absorbance at 260 nm versus temperature on a UV-visible spectrophotometer (Shimadzu UV-2500PC, Shimadzu Co., Ltd., Kyoto, Japan) equipped with a programmable temperature controller (Shimadzu SPR-10, Shimadzu Co., Ltd., Kyoto, Japan). The temperature ramp was 0.25˚C/min. The melting temperature (Tm) was determined from the maximum in the first derivative of the melting curve. The concentration of each ODN was 4.0 µM, and 5 mM Tris-borate buffer containing 0 -500 µM MgCl2 was used.
Results and Discussion
Preparation of an ODN-immobilized capillary
Scheme 1 shows the synthetic route to an ODN-immobilized capillary. The methacryloyl derivative of ODN was synthesized by the coupling of 5′-O-aminohexyl-ODN with methacryloyloxysuccinimide (Scheme 1a). The inner surface of the fused silica capillary was modified with MPTS to introduce polymerizable groups. Acrylamide and methacryloyl-ODN were then copolymerized in the MPTS-coated capillary using APS and TEMED as a redox initiator couple. Scheme 2 Sequences of the oligodeoxynucleotides used in this study.
12-mer ODN, which is complementary to the c-K-ras gene codon 10 -13, was immobilized on a silica-capillary inner surface as an affinity ligand. The ras gene is known to be a dominant proto-oncogene. [24] [25] [26] The products of the ras genes are small GTP-binding proteins which function as a molecular switch in cell signal transduction and in the control of cell proliferation. Mutations of ras genes are found in a large number of human carcinomas, and mutations in codons 12 and 61 of the K-ras gene in particular are known to cause various cancers. Thus, the sequence of the affinity ligand-ODN used here was anti-c-K-ras codon 10 -13 (Ligand-12), and those of the samples were the normal c-K-ras codon 10 -13 (Normal) and its single-base mutant (Mutant). Their sequences are shown in Scheme 2. Figure 1 shows the electropherograms of both Normal and Mutant at various concentrations of Mg
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2+
. The migration of both sample ODNs was retarded with increasing concentrations of Mg 2+ due to electric neutralization of the anionic phosphate groups of ODN by ion-pair formation with Mg 2+ . 27, 28 At 25˚C (Fig. 1a) , the peak of both samples gradually broadened and disappeared with increasing concentrations of Mg 2+ . However, at 50˚C (Fig. 1b) , the detection peak of Normal, which is complementary to the ligand, gradually broadened and disappeared with increasing concentrations of Mg 2+ , as it did at 25˚C, while the detection peak of Mutant remained sharp. The lower limit of DNA detection was 0.1 pmol.
In order to examine in detail the dependence on temperature of electrophoretic behavior, electrophoresis of both samples was carried out at 30, 35, 40, 45 and 50˚C using a constant concentration of Mg 2+ (250 or 500 µM). The results are summarized in Fig. 2 , in which the relative peak height of samples is plotted against the capillary temperature. The relative peak height of Mutant increased with an increase in capillary temperature while the peaks of Normal disappeared at 30 -50˚C. These results suggest that peak disappearance behavior is dependent on the concentration of Mg 2+ and on temperature. Because Mg 2+ stabilizes a double-stranded form of DNA due to the reduction of electrostatic repulsion between two DNA strands, [29] [30] [31] increasing concentrations of Mg 2+ enhance the ligand-analyte interaction, resulting in the disappearance of the Normal peak. As shown in Table 1 , these results are also explained by the melting temperatures (Tms) of both sequences and Ligand-12. The Tm values of Normal and Mutant with Ligand-12 in the absence of Mg 2+ were 37.7˚C and 24.9˚C, respectively. The Tm of Normal with Ligand-12 was drastically increased by the addition of Mg 2+ (52.5˚C and 53.5˚C, in the presence of Mg 2+ at a concentration of 250 µM and 500 µM, respectively). On the other hand, the Tm values of Mutant with Ligand-12 were lower than those of Normal (30.3˚C and 34.5˚C, in the presence of Mg 2+ at a concentration of 250 µM and 500 µM, respectively).
Affinity capillary electrophoresis using a 6-mer ODNimmobilized capillary
For more practical diagnostics, the ACE system should be applicable to a mixture of normal and mutant sequences. We examined the separation conditions in order to detect the normal c-K-ras codon 10 -13 (Normal) and its single-base mutant (Mutant) as two separate peaks in an electropherogram. At first, we attempted to separate the mixture using the 12-mer ODN immobilized capillary under various conditions. However, we found that the mixture of Normal and Mutant could not be separated because the detection peak for Normal disappeared selectively as described above. We then prepared a capillary whose inner surface was modified with a shorter ODN: 6-mer ODN with a perfect-matched sequence of the c-K-ras gene at codon 11 -12 (Ligand-6, Scheme 2) was immobilized on a silica capillary inner surface. The sample sequences were the normal c-K-ras codon 10 -13 (Normal) and its single-base mutant (Mutant). Figure 3 shows electropherograms of the mixture of Normal and Mutant using (Ligand-6)-immobilized capillary containing 0.025 mol% of the ligand (the same concentration as that shown in Fig. 1 ) under various Mg 2+ concentrations. However, the mixture could not be separated in the capillary, regardless of the Mg 2+ concentration. It was confirmed that the Normal peak did not disappear, indicating that both samples migrated similarly. In order to optimize the electrophoretic conditions, we prepared (Ligand-6)-modified capillaries with different concentrations of the ligand with ratios of methacryloyl-ODN to acrylamide unit ranging from 0.025 to 0.25 mol%. It was determined that increasing concentrations of the ligand effectively improved the separation of the mixture (Fig. 4) . The base line separation of ODNs with single-base difference was thus obtained using an ODN-immobilized capillary containing 0.25 mol% of Ligand-6. The present ODN-modified capillaries reproduced identical results in over 500 trials (data not shown). This good reproducibility is one of the primary advantages of this system over our previous pseudo-immobilized ACE method.
18,19
Conclusion
In the present report, we discuss a method of separating ODNs with a single-base difference. An ODN as an affinity ligand was immobilized by the formation of covalent bonds with the inner surface of a capillary. 12-mer and 6-mer ODNimmobilized capillaries were prepared. When the 12-mer ODN-immobilized capillary was used, the detection peak of the normal sequence, which was the complementary partner of the affinity ligand, disappeared selectively. However, a mixture of the normal and its single-base mutant sequence could not be separated under the present experimental conditions. On the other hand, a mixture was found to separate completely into two distinct peaks when the 6-mer ODN-immobilized capillary was used. Based on these results, we conclude that the difference in separation behavior (i.e., peak separation or disappearance of peak) depends on the chain length of the affinity ligand. Fig . 3 Effect of Mg 2+ concentration on electrophoretic separation of an equimolar mixture of Normal and Mutant using the (Ligand-6)-immobilized capillary at 25˚C. The affinity capillary was prepared through copolymerization, in which the ratio of methacryloyl-ODN to acrylamide was 0.025 mol%. Analytical conditions were similar to those stated in Fig. 1 . Fig. 4 Effect of the concentration of affinity ligand ODN on electrophoretic separation of an equimolar mixture of Normal and Mutant using the (Ligand-6)-immobilized capillary at 25˚C. The affinity capillary was prepared through copolymerization, in which the ratio of methacryloyl-ODN to acrylamide was 0.025, 0.125 or 0.25 mol%. The concentration of Mg 2+ in the running buffer was 5 mM. Other experimental conditions were similar to those stated in Fig. 1 .
Fig. 5 Effect of Mg
2+ concentration on electrophoretic separation of an equimolar mixture of Normal and Mutant using the (Ligand-6)-immobilized capillary at 25˚C. The affinity capillary was prepared through copolymerization, in which the ratio of methacryloyl-ODN to acrylamide was 0.25 mol%. Other experimental conditions were similar to those stated in Fig. 1. detection of known mutations can be conducted more quickly and easily with the present system compared to other ordinary methods.
Using the ODN-immobilized capillary, we are currently trying to separate longer DNA samples amplified by polymerase chain reaction. We are also currently applying the ODN-immobilized capillary method to microchip electrophoresis.
